Vascular endothelial growth factor (VEGF) has important effects on endothelial cells increasing cell proliferation, permeability and nitric oxide production; concentrations of VEGF in the maternal serum increase during the first 10 weeks of pregnancy. In this study, the relationship of maternal serum VEGF with maternal health during pregnancy and with fetal and placental size at mid-pregnancy and at term was investigated. Serum was obtained from 539 Caucasian women with singleton pregnancies between 8 and 20 weeks of pregnancy (mean 14 weeks). Total serum VEGF concentrations were measured by direct competitive radioimmunoassay. Fetal size and placental volume were measured by ultrasound between 16 and 20 weeks gestation. Birthweight, placental weight and anthropometric measurements of the baby were obtained after delivery. Serum VEGF concentrations were found to be higher in women with a lower weight before pregnancy (P ⍧ 0.01) and in those carrying a female fetus (P ⍧ 0.002). VEGF concentrations were positively correlated with placental volume (r ⍧ 0.17, P ⍧ 0.0001) but not with fetal size between 16 and 20 weeks gestation. Serum VEGF concentrations were positively correlated with both birthweight (r ⍧ 0.10, P ⍧ 0.02) and placental weight at delivery (r ⍧ 0.13, P ⍧ 0.003). The data presented support the view that VEGF may be one of the factors involved in mediating the maternal cardiovascular adaptation to pregnancy.
Introduction
Vascular endothelial growth factor (VEGF) is distributed widely throughout the tissues of the adult and fetus (Shifren et al., 1994) . Although only one of a large number of factors which can induce angiogenesis, VEGF has a key role in fetal development. Gene deletion studies have shown that embryonic mice unable to produce VEGF or deficient in VEGF receptors fail to develop a normal vasculature and abort (Shalaby et al., 1995; Carmeliet et al., 1996) . Angiogenesis is also important in specific maternal tissues such as the endometrium. The importance of vascularization at this site is shown by experiments in which pregnant mice given an angiogenesis inhibitor around the time of implantation have impaired endometrial vascularization, leading to defective placentation and ultimately to resorption of the embryos (Klauber et al., 1997) .
We have developed a radioimmunoassay which measures both the bound and free forms of VEGF in human serum , and have found that the concentration of VEGF in maternal serum increases early in the first trimester . The source of this increase is unknown, but possible sites include the corpus luteum, the uterine endometrium and the placenta because of their increased angiogenic activity during pregnancy; expression of VEGF mRNA has been demonstrated in these tissues (CharnockJones et al., 1993; Anthony et al., 1994; Kamat et al., 1995) . In addition to its role in stimulating angiogenesis, VEGF has been shown to up-regulate the production of nitric oxide (NO) by endothelial cells (Van der Zee et al., 1997) . NO is a potent vasodilator, whose production is increased from early in pregnancy (Williams et al., 1997) . Vasodilatation is a critical event in early pregnancy, affecting not only the maternal vessels adjacent to the site of implantation (Nanaev et al., 1995) but also reducing peripheral resistance in the maternal systemic circulation as a whole. The latter change is believed to initiate the increases in cardiac output and plasma volume that characterize early pregnancy (Duvekot et al., 1993) ; these changes have important influences on fetal growth (Rosso et al., 1993) . The production of VEGF by vascular smooth muscle cells is increased by oestrogen (Karas et al., 1996) , thus VEGF could reach the maternal circulation through the systemic vasculature.
To investigate further the possible role of VEGF in early pregnancy, its concentration was measured in maternal serum around 14 weeks gestation and the serum concentrations were correlated with measures of fetal and placental size obtained at mid-pregnancy by ultrasound and following delivery by weighing and anthropometry.
Materials and methods
The study cohort has been described previously (Godfrey et al., 1996a) . In summary, over a 1-year period (1992/93) all 655 Caucasian women aged 16 years or more who registered with two obstetricians at the Princess Anne Hospital, Southampton were approached. Women with multiple pregnancies, diabetes and those who had undergone fertility treatment were excluded. Twelve miscarried or had a termination of pregnancy; seven delivered outside the hospital. 596 (94%) of the remaining 636 gave informed consent to participate in the study, which was approved by the local ethics committee. The mothers Correlation (r) and significance (P) with serum VEGF. *(Head circumference/abdominal circumference)ϫ100.
were visited at home shortly after recruitment and details obtained about their pre-pregnancy weight and smoking habit. Ninety percent of the women were able to ascertain their own birthweight by contacting members of their family. Maternal serum was collected at the first antenatal visit between 8 and 20 weeks of pregnancy (average 14 weeks) and stored at -40°C. An aliquot was available for the measurement of VEGF concentration in 539 women (90% of those who agreed to take part). There were no significant differences between the pre-pregnant maternal weights or between the birthweights of the offspring of the subjects who were or were not included in the study. 54% of the women were nulliparous and 26% were smokers: other maternal details are summarized in Table I .
Fetal anomaly scans were performed between 16 and 20 weeks of pregnancy using an ATL Ultramark 4 machine; dates were uncertain in 35% and adjusted using an algorithm that took account of the woman's menstrual history and ultrasound growth charts established from the women with certain dates. Placental volume was measured by ultrasound at the beginning and end of the anomaly scan using a parallel planimetric technique (Howe et al., 1994) ; the average value of these two measurements was used for the analyses. The error standard deviation of the placental volume measurement was 16.4 ml (Howe et al., 1995) . Measurements were also made of the fetal biparietal diameter, head circumference, abdominal circumference and femur length; the error standard deviations of these measurements were 0.94 mm, 2.42 mm, 3.27 mm and 1.31 mm respectively. All the ultrasound measurements were made by the same observer.
Following delivery, the baby was weighed to the nearest 5 g using digital scales. The placenta was weighed on digital scales after removing the membranes and cutting the cord flush with the placenta. Neonatal crown heel length, head and abdominal circumferences were measured as described previously (Godfrey et al., 1996b) .
Serum VEGF was measured by a direct competitive radioimmuno-1620 assay . Briefly, recombinant human VEGF165 was labelled with 125 I to act as tracer, and known quantities of unlabelled VEGF were used to construct a standard curve. Duplicate standards, controls and unknown serum samples were incubated overnight with tracer and rabbit polyclonal antiserum. Following a 30-min incubation with donkey anti-rabbit coated cellulose suspension, the mixture was suspended in 1 ml of distilled water, and centrifuged. After decanting, radioactivity of the pellets was measured by gamma counter and analysed by computer by the RIA-CALC, LKB-Wallac package. The inter-assay coefficient of variation for the VEGF assay was 12.9% for pregnancy serum samples of mean concentration 5.90 µg/l. The sensitivity of the assay was 0.1 µg/l.
Results
The average serum VEGF concentration was 3.20 µg/l; the concentrations were positively skewed and were not correlated with gestation. Further details are given in Table I . Before comparison with other variables, the VEGF concentrations were normalized by taking square roots. Details of the ultrasound measurements of fetal size and placental volume made between 16 and 20 weeks of pregnancy are given in Table I . All the ultrasound measurements were positively correlated with gestational age and adjusted for this effect by linear regression before comparison with other variables. Birthweight, placental weight and the anthropometric measurements made following delivery are shown in the Table I for the 504 babies born at greater than 37 weeks gestation. Before correlation with serum VEGF concentrations these data were adjusted for the effects of gestational age and sex. Table I for total number of patients available for measurement).
The correlations between maternal VEGF concentrations and the maternal, fetal and neonatal characteristics are given in Table I . The VEGF measurements were inversely correlated with maternal weight and body mass index (BMI) before pregnancy but not to maternal height or maternal birthweight. Serum VEGF was not correlated with maternal parity or with maternal smoking. There was no significant difference in the mean serum VEGF concentration in the 16 women who developed pre-eclampsia compared to those who were normotensive (2.81 versus 3.11 µg/l, P ϭ 0.3).
Serum VEGF was positively correlated (r ϭ 0.17, P ϭ 0.0001) with the ultrasound estimations of placental volume between 16 and 20 weeks gestation (Figure 1 ). Though placental volume was strongly correlated with all the fetal dimensions (P Ͻ 0.0001), none of the measures of fetal size was associated with VEGF concentration (Table I) . VEGF concentrations were positively correlated with placental weight at delivery (r ϭ 0.13, P ϭ 0.003; Figure 2 ) and birthweight (r ϭ 0.10, P ϭ 0.02; Figure 3 ) and with the anthropometric measurements of the baby (Table I) . Mean serum VEGF concentration in women carrying female fetuses was significantly higher than in women carrying male fetuses (3.26 versus 2.96 µg/l, P ϭ 0.002). Multiple regression allowing for fetal sex and maternal weight did not significantly change the relationships between serum VEGF and placental volume (at 16-20 weeks), birthweight or placental weight at delivery.
Discussion
It has previously been shown that maternal serum VEGF concentrations increase during the first trimester (Evans et al., , 1998 ). The current study shows that serum VEGF concentrations remain elevated up to 20 weeks of pregnancy and that concentrations are positively correlated with placental volume at mid-pregnancy and with placental and fetal weight at delivery. The inverse relationship between maternal pre- Figure 2 . Relationship of placental weight at delivery to maternal serum vascular endothelial growth factor (VEGF) concentrations in early pregnancy. VEGF concentrations divided into four groups. Bars show mean and 95% confidence limits for each group (numbers in each group in parentheses; see Table I for total number of patients available for measurement). pregnancy weight and serum VEGF concentration parallels the associations between maternal weight and serum levels of human chorionic gonadotrophin (HCG) and progesterone and may reflect haemodilution, heavier women having a larger plasma volume; allowance for maternal weight did not alter the correlations demonstrated in this study. Since VEGF is not believed to have an endocrine role, its presence in the circulation is likely to represent an increase in local production elsewhere in the body, which spills into the circulation. It has previously been shown that the contribution of the corpus luteum to circulating levels of VEGF is low in comparison to other potential sources (Evans et al., 1998) . These other sources include the uterus and placenta, sites where VEGF transcription has been shown to increase throughout pregnancy (Ni et al., 1997) . Another study has also found an excess of VEGF binding protein to be present in the serum during pregnancy ; it is possible that this protein is the truncated soluble form of the VEGF flt-1 receptor, which has recently been shown to be produced by the placenta (Clark et al., 1997) . This receptor would be likely to inactivate the circulating VEGF (Kendall et al., 1996) .
The increase in maternal serum VEGF may result from VEGF production by vascular smooth muscle cells in the maternal systemic circulation following oestrogen stimulation (Karas et al., 1996) . VEGF increases the production of NO by endothelial cells (Van der Zee et al., 1997) and may be part of the cellular mechanism responsible for the peripheral vasodilatation, which characterizes early pregnancy. The plateau of VEGF concentrations around 10 weeks of pregnancy coincides with the decrease in maternal vascular resistance which reaches its nadir at the same time (Robson et al., 1989) . The increases in maternal cardiac output and plasma volume, both initiated by the decrease in peripheral resistance in early pregnancy (Duvekot et al., 1993) , are positively linked with fetal growth (Rosso et al., 1993) and may account for the correlation of VEGF with birthweight. In discussing the possible roles for VEGF during pregnancy it is important to note that the associations found in this study have low correlation coefficients and causality is not necessarily implied.
A number of studies show that VEGF may have an important role in the development of the uterine circulation during pregnancy. NO synthase is present in syncytiotrophoblast cells (Myatt et al., 1993) and VEGF has been shown to up-regulate NO production by these cells (Ahmed et al., 1997) ; it has been suggested that local NO production may improve blood flow within the intervillous space by reducing platelet and leukocyte adhesion to trophoblast cells (Myatt et al., 1993) . Nitric oxide has also been shown to promote vasodilatation of the uterine arcuate artery in rats, an effect initiated in part through VEGF (Ni et al., 1997) . Thus perfusion of the intervillous space may be influenced by a number of local mechanisms involving VEGF. This proposal is supported by the findings of this study, which show a stepwise increase in placental volume (a measurement which includes the maternal blood within the intervillous space) as maternal serum VEGF increases (Figure 1) .
In late pregnancy, maternal serum VEGF concentrations are increased in women who have established pre-eclampsia (Sharkey et al., 1996; Kupferminc et al., 1997; Brockelsby et al., 1998) ; however, in early pregnancy, no difference was found in VEGF levels in the 16 women who subsequently became pre-eclamptic. The vascular changes which result in an increase in serum VEGF in pre-eclampsia may be different to those which influence VEGF production in early pregnancy; for example endothelial function is altered in pre-eclampsia (McCarthy et al., 1993) and experimental damage to the endothelium has been shown to increase the production of VEGF by vascular smooth muscle cells (Tsurumi et al., 1997) . It was also found that maternal serum VEGF concentrations were significantly higher (P Ͻ 0.002) in women who were carrying a female fetus. A previous study has shown that urinary nitrites and nitrates are linked in a similar way to fetal sex (Garmendia et al., 1997) ; these findings support the links 1622 proposed here between VEGF and nitric oxide production. Other studies (Obiekwe and Chard, 1982; Steier et al., 1989) have shown that levels of HCG are increased in women who are carrying a female fetus and significant correlations have previously been noted between the levels of HCG and VEGF in the maternal serum in early pregnancy (Evans et al., , 1998 .
In summary, it was found that maternal serum VEGF concentrations, measured in the first half of pregnancy are correlated with the growth of the fetus and placenta. It can be postulated that these findings may be partly explained by the influence of VEGF on vascular nitric oxide production. Myographic studies examining the influence of VEGF on isolated blood vessels obtained from pregnant and non-pregnant subjects may clarify the role of VEGF in early pregnancy.
